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What is a Gyroscope?

Sensor that measures the angle or rate of rotation

Spinning Gyroscopes Optical Gyroscopes

Sagnhac Effect

NMR Gyroscopes

Northrop Grumman HRG B ey
Coriolis Effect | Larmor Precession Rate
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Applications of MEMS Gyroscopes

Industrial: Robustness
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Antenna stabilization

Automotive: Reliability

Precision machinery

Anti-skid control

Consumer: Size & Cost

Optical Image Stabilization

Health and fithess
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Evolution of MEMS Gyroscopes

STMicroelectronics 3-Axis Gyroscope (Consumer)
__ (2009)
¥ Package: 7.5x4.4x1.1 mm°}

(2010)

MEMS: ~9.3 mm2

%

T L gef

éveloppement, “STMicro L3G3250A Reverse costing”, 2012

Source: Yole D

Invensense 3-Axis Gyroscope (Commercial)

Product IDG-1000 | IDG-600 | 1XZ-600 | MPU-3000 (2012)
MP Date 2006 2008 2009 2010 -
Gyro Axes X/Y X/Y X/Z X/Y/Z =
Package 6x6x1.4 | 5x4x1.2 | 5x4x1.2 | 4x4x0.9 |mm’
QFN QFN QFN QFN
Die Size 12.2 7.4 7.4 6.7 |mm’
MEMS Area | 4.1 2.8 2.8 29  |mm’
CMOS 0.5um | 0.35um | 0.35um 0.18um
technology
Output Analog | Analog | Analog Digital —.
Georgiall= i/ @k“ altré Consumer MEMS Gyroscopes. Solic-Stats Sensor, Actuator and 1533 SENSORS 2013 |
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Performance in Gyroscopes (Consumer)

Current applications do not demand low-noise performance
Pedestrian and in-doors navigation - LOW NOISE IS A MUST!
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Operation Principles - The Coriolis Effect

Example: The Foucault Pendulum

\ View from outside

' Coriolis
observer above the earth

Swing Acceleration (d,,)
3 —_
velocity (vg,) \

Rotation
Rate {3—)

-
Ay

I_bx

J

)— X
b 2

For an extraterrestrial observer: pendulum swings back and forth
For a terrestrial observer: Trajectory of swing changes by a_
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Micromechanical Gyroscopes

Example: The Tuning Fork Gyroscope (TFG)

Springs

Proof-mass

Lumped-Element Model

\ v,

Equations of motion of an ideal gyroscope:

Mode 1 Mode 2

| v | >

ma—x+b a—x+k x=F

L +2mAQ, 6 ay+by rk(y= elecy—Zm)LQ G
o> "ot J1 o> ot Py
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Modes of Operation

Rotation-Rate Gyros Whole-Angle Mode Gyros

Output proportional to Output proportional to 0

Mode 1 driven into oscillation Free-vibrating structure
Mode 2 used to detect rotation Standing-wave precesses
se“se Qe
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Vibratory Rotation-Rate Gyroscopes

Two second-order systems
— Drive (excited into oscillation)
— Sense (response proportional to rotation-rate Q)

Drive MNNTYR sense AN S
me: 0 10
11 137 M 4/19/2011 1138 PM

0’ x 0x 0y ay ox
m—+b,—+k x=F,, - m—+b —+k y=-2mAQ,—
ot’ ot Coriolis orr ot ot
‘ F_=-2mA Q x o
g Quale i PNC2 SENSORS 2013




Driving the Gyroscope
To generate v,,,, one mode is driven (usually into oscillation)

Drive System Sense System

i Felecx /\NVWVVVW\I ix Vx Fecor Yy «IVW\{\’\[V\/V\/
I ‘ } o> d/dt —J \ l—>

w Transducer '— Dr|Ve MOde
2
/ \k
------------------------------------------------- ma—f-l-b a_x+kx X = F;lecx a)Odrv = k_x erv = e
ot Jt m
. X(jw 1 1
Frequency-domain: —W®) _1
) Mt B o e
drv
X(jw X(j
At resonance (@ = @y ): UO) | _Lan and 2 U9)___gg0
F;lecx (]C()) m derv F;lecx (]CU)

oo (Qualtre Y20 SENSORS 2013
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Electrostatic Transducers

Parallel-Plate Transducer

Electrode

e Resonating
Proof-Mass
~—— Capacitive Gap

WD18.6mm 5.00kV. xl.5k..20um. . . .

GATech/Qualtré’s HARPSS parallel-plate gaps
v High electromechanical coupling
v" Small and easy to implement
X Non-linear transfer function
dC  e-w-t _Eewt
dx (go —x)2 g,

oo (ualtre

Comb-Drive Actuation

Micralyne DRIE etched comb-drive structures

v" Linear actuation

v" Allows large displacements

X Low coupling coefficient
dC ¢e-2n-t
dx 8o

Y20 SENSORS 2013
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Detecting Rotation Rate

With v, established, the sense mode responds in presence of Q2

Drive System

@—‘7 Transducer '7 Sense Mode

ay+by_+ky E*or Féor:zm)t'gza_x
o’ ot ot
Frequency-domain: 1Y% —210 JDodr
X(]C{)) et —CO2 + W g1 ) + Cl)2
Odrv Odrv J Odrv Osns

sns

But where is ., With respect to wgyy,?

o Qualere PNC2 SENSORS 2013
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Rate Gyros - Modes of Operation

Mode-Split: Drive and sense frequencies are different
Mode-Matched: Drive and sense frequencies are identical

>
>

e— Aw —>

Q Amplification

Magnitude
Magnitude

=
Frequency \ \ Frequency

If Wodry << Wosns- If Woyry = Wosns-
w

2 ~2)Q, S Y a0, 2

X split a)Osns X |matched w()
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Mode-Split vs. Mode-Matched Gyros

‘ Mode-Split Gyros ’ ‘ Mode-Matched Gyros ’

» Typically of Tuning-Fork kind *  Typically axisymmetric

J. Marek, IEEE, ISSCC 2010

*  Modes from different mechanisms * Inherent degenerate modes
» Large BW (accelerometer response) *  BW proportional to f,/Q
* Scale factor o< 1/w?_ * Scale factor ec Q

— Large mass (bigger size) — 10,000 to 1’000,000 larger!!

— Low spring constant (poor reliability)

I
| Georgialnsiituiie s
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Mode-Split Rate Gyroscopes

» Typically TFGs = Low resonance frequency (1 — 30 kHz)

» Springs SF « X, W _ cchCVP
= 2 Wy, Doy
s \/ (a)gsns _a)gdrv) +%
” Interdigitated
E—]

capacitors

* To compensate for loss of Q-amplification:
— Larger mass
— Lower stiffness

SensorDynamics, 3-axis gyroscope — Interdigitated and comb capacitors

* For large x,,,, high-Q still needed on drive
* In kHz range, high-vacuum required for high Q > GETTERS

| Georgiali= e .
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Bulk-Acoustic Wave (BAW) Gyroscopes

* Axisymmetric structure = Inherently mode-matched
» Q=50,000 to 200,000 in 1 to 10 Torr = High sensitivity, low noise
* High f, (MHz range)—> Large BW, dynamic range, shock resistance

[ Solid Disk ]

H. Johari et al, MEMS, 2007

\
\
\
\
\
\
\
\
\
\

I » Capacitive nano-gaps
— Large electromechanical coupling

Capacitive gap
PNE2Y SENSORS 2013
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Operation BAW Rate Gyroscopes

| n = 3 degenerate modes I

/ 23
/
/

\;\ ; + OVours
SENSE RATE
s-‘n> SENSE PGARF 0UT>
> O Vour

RF ﬂ
W QUAD
CANCEL ODIF

DRIVE TIA DRIVE
OUTPUT DELAY
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Implementation of BAW Gyroscopes

9.6 MHz BAW Disk Gyro

ﬁf—-—_

Capacitive

nano-gap (<200 nm

— e

= = > : .
(TR TS el el P

AAI:M-8000 2.0kV 34.3mm x90 SE(L) 2/28/2013 ° 500um

HARPSS™ Process

Wafer-level Package

Frequency Response - Mode-Matched Gyro

‘ w—Drive_Mode w—Sense_Mode I
-50
-55 \
” Q= 77.0&/\
65 ™\ 0

Insertion Loss [dB]

R R e Lol
S aR S

Rt

-95 T T
9629000 9629300 9629600 9629900 9630200 9630500 9630800

Frequency [Hz
7 quency [Hz]

High Qat 1-10 Torr
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Performance of Capacitive BAW Gyros

Motional Impedance Lower is better!
. 277'Meﬁv °gg f - — High Q (~50,000 @ 1 —-10 Torr)
m = 2 — Ultra-small capacitive nano-gaps
(80 | Aelec ) VP) \ Q
Scale Factor Higher is better!
“AE - VA — Independent of frequency!!
SF 2m-Agy- A, Ve 0 [AVSS)] P quency
180 -+ g,
Mechanical Noise Lower is better!
VINEG — 180 - k, T [1s)Hz] — High f,.. & high Q compensate for
- w-Aigo\ 7w M, (0 smaller displacements
. . |
Bandwidth BW — Jres [Hz] Higher is better!
20 — High f ., compensates for high Q

Gegroa-tite (yaltre L2 SENSORS 2013
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Pitch and Roll Annulus Gyroscopes

* High frequency operation (0.5 ~ 1.5 MHz)
* Process compatible with HARPSS™ —> air nano-gaps

Out-of-Plane HARPSS™
capacitive nano-gaps

In-plane drive mode

l Out-of-plane x-axis sense mode l | Out-of-plane y-axis sense mode l

W. K. Sung et al, TRANSDUCERS, 2011 Y233 SENSORS 2013
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Annulus Gyroscopes - Response

Small frequency split (further compensated with electronics)
e I?g ”RGE 57.5 dBE/ = -545 dBE : 2 -22-'499 =

502.60625 kHz

...... E..._zz._.iqgg.dg

Af=~300 Hz @ 0.5 MHz |

Roll

Agilent

11111
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
wwwwww

¢ Measurements  :
Pk-PK(1]

| Rate Response
Georgi
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Multi-Degree-of-Freedom Integration

WLP TIMU die

Monolithic TIMU Die
S
III[ ‘ L

x:éﬂs Accelol’m_‘l}eter

o |

o

' 7 Resonator
_—

4

IE_L
]
is Acceleromemr

3072612 i i
3071E12 412 ] s e e
J.0ME12 AT o ’ et
o1 o hesE
3060612 - A450E12 o
gaw:-ue- i v » v Py
106612 - ABAEE12 Jac¥ W, Lo \.*"“».
3.065€-12 AHE-12- Sl | '
AT —~ ~
s, ; Q ~ 28,000 Q ~ 28,000
206123 - d
D0 02 04 06 08 10 12 14 16 LS 00 02 04 06 08 10 L2 14 16 18 S ——
wakags (V) Vollage V)

X-Axis Axl. Response

Z-Axis Axl. Response

X-Axis Gyro Response

Y-Axis Gyro Response

(=
m
7N N
“eh e ek g s s Y Axis Axl. Response " T Z-Axis Gyro Response QIR OOO
Georgla sy Resonator i
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Error Sources in Mode-Matched Gyros

Mode 1:
my, q,(1)+d,, q,()+k;, q,(t) = Tzlmzz q,(1)$2(1) I
|
Coriolis coupling

Mode 2: ’ A \
m,, G,(t)+d,, 4, () +k,, q,(t) = 2Am,, ¢,(H) Q1)

k k
Ideal gyroscope: w, = /#=w02= /i |
my, My,

. . . R / \ \ —Moldel —
Anisoelasticity: &, =k, g~ /XN ]
© y / “\
- W, #O = Fomn
0, 02 | g W My
. . . = -80 1
Anisoinertia:  Mx» #My, w — Aw, =0
- -3(2)51500 7252000 7255500 725;3000 7255500 7254000 7254500
[ Frequency [Hz]

| Georgial /= iiie .
(o (ualtre =3 SENSORS 2013 |
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Compensating for Frequency-Split

* Electrostatic Spring Softening

“ ' Mode-Matching

~ ﬁ a)()l — kllmech - kllelec 10,0234 }, Frec:uency‘:Tunmig of AI:gned (iSvro 5

. 10.0233 1 : x : : : : .

- - mll 5100232 1 :

V £ 100231 1 : , :

T ~ ! 2 § 10.023 A } : ' '

' k _ % (V —V ) g 10,0229 === Mode 2 |----
11elec 3 p T.j 10.0228 7 ——Mode 1 -~

% “ \ 8o J=1 } 10,0227 : : . : - : :
l ’ Y 0 25 5 75 10 125 15 175 20

— Tuning Voltage VT [V]
Aligned with mode 1 Spring softening

o AN
-60 / \J, \ —Mode 1

-50 A
-55

\ —Mode 1
60

g 65 / A\ \\ —Mode 2| | g ) \ —Mode 2| |
s AN v 65
z 2 70 -
% 75 | / A % ) M
-75 -

= -80 ' >

-85 VT = VP J -80 VT - 7 V | L

-90 . -85 > -

7251500 7252000 7252500 7253000 7253500 7254000 7254500
Frequency [Hz]

7251500 7252000 7252500 7253000 7253500 7254000 7254500
Frequency [Hz]

|
|

| Georgialli=iiuie
|| efTechnclegy
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Mode-to-Mode Coupling

ldeal gyroscope with uncoupled modes

0

o b . b Coriolis Effect . t] < b

i IR ' >FE - R
in X

SALIN BSEAER F._=2mAQ, 9x

E%kz, b. N at Fcoriolis | iii%kz, b.
Imperfect gyroscope with coupled modes
ku,z%)‘ i &bu mq,(t)+d,, q,(t)+d,, 622(t)+k11‘]1(t)+\k12 %(t)r l_ZAmq.z(t)Q(t)l
| |
%’_Y":“ m I JY:Y'Y_\.E Damping coupling Stiffness (!oupling Coriolis coupling

Fln A A

Eofgv 5 \%:% méz(t)"'dzzqz(t)+{d_z1kéh7t)\+k22qz(t)-|{-k21ql(t)\=l2)tmql(;)g(t) \

oo Qualtre PNCES SENSORS 2013
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Stiffness Coupling

25

Mode 1 displacement generates force that couples to Mode 2

Mode
Coupling
k21

Fo

ense viode

A q20

If k,, = k,, (i.e. Aw close to 0):

s %0 _ _90° | Quadrature
q,

-50 -50
55 AN -55 /\\ /\\
= /\ / \ —Mode 1 — -60 —Mode 1| |
o -60 o / \ .
S //\V \ —Mode 2 S 65 \ Mode 2| |
© -65 / A © y / "\_
E K WAJ S 79 o,
o M = M vﬂ" v
= -70 ' < 75 A A
2 g
s > 80 — 0T
-80 U = -85 =
° L Vo=V, | Vo= Vg,
7251500 7252000 7252500 7253000 7253500 7254000 7254500 7251500 7252000 7252500 7253000 7253500 7254000 7254500
Frequency [Hz] Frequency [Hz]

= In between modes

(eegria e (ualtre

@ V4 =Vga 2 G, =0 (modes decoupled)

Y20 SENSORS 2013
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Damping Coupling
Mode 1 velocity generates force that couples to Mode 2

%I(t)"' 0 Q21(t)+b21 %(t)'l'wo q,,(1)=0

2

4, (@)
q,(w)

— b21 Q2 LOO

For a mode-matched gyroscope: =
ma,

W=Wp, =Wp

Comparing with Coriolis coupling due to rotation rate

G (1) + %qzcm + 02, 4, (1) £22.9(0)¢,(2)

2

4. (@)

_2A0, Q(w") £0°
q,(®)

For a mode-matched gyroscope: ”
0

W=0y, =0, 1

q,, is indistinguishable from g,

o Qualre PYE SENSORS 2013
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Loss Mechanisms in Resonant Gyros

Q in resonant gyroscopes is a combination of different effects:

1 1 1 1 1 1
+

— = -+ + +
Q QSFD QTED Qanchor qurface Qintrinsic

Squeeze-Film Damping Thermoelastic Damping Anchor Loss

Eigenirequency=7.51254506+0.030294 Surface: Temperature deviation (0 - Elgenfrequency=7.510625¢6 (2) Surface: Elastic stram energy densty (Um')

xxxxxxxxx
xxxx

1 X ‘ueg 1 . 1 _ E az TO wmech Tn 1 _ 1 w/resonator
Osip & 1479 |\ C E 7 Com AW
W QTED v n 1 + (wmech Tn ) Qanchor T anchor
Higher Q at higher freq. Depends on CTE and therm. modes SED @ anchor

Segrgienee (Qualtr PNT=34 SENSORS 2013 |
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Piezoelectric Square Gyroscope

Capacitive transducers, well established in sensors, but:
e Low electromechanical coupling coefficients
* Non-linear (Parallel plate)

Piezoelectric transduction = widely used in resonators

Drive in 2 ;i:m 3 V

Ny
~ A S 4
Antinode Node Node Antinode

-14

.
Drive out a7 b
wl -

-19 }
2 | Drive Mode \ Sense Mode

21+

1521 (dB)

22+

Lamb-Wave Mode Pairs s N\d b\/\/’/v—'

.27 " " L " " A " L e
11.18 11.2 1122 11.24 11.26 11.28 11.3 11.32 11.34 1136 1138

”Gegrregc:ﬁ I ‘w— @ualtré Frequency (MHz)




29

Whole-Angle Mode Gyroscopes

Also known as rate-integrating gyroscopes (RIG)
Strap-down navigation utilizes angle and displacement information

1
]
]
a,,a,a vV, V., V d,d,d ! N
X1 =y F7 X1 Ty Tz X1 =y Fzo 1 Position
]
Accelerometer ———> [ —— | : Strapdown "
]
]
]
]
]
]
]
]
]

: > S Inertial
Navigation
‘QX’ ‘Qy’ ‘QZ ¢X’ ¢y’ ¢Z SyStem Orientation
Rate Gyroscope —> +> (INS) — >

Integration step introduces error and accumulates drift
Whole-angle mode = output proportional to angle, not rate

@ Whole-Angle Gyro ——> 9« ¢y 4

segrm e (Jualtre PNI=23 SENSORS 2013 |
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Operation of Whole-Angle Mode Gyros 3

Based on relative measurement with respect to a standing-wave
Similar to the Foucault Pendulum example

Antinode Aligned to Reference Structure Rotated 902

i
\/

Angular gain

A 5o

-

Sloooooo

2203
2 90

r---

b

(IR P

Anti-nodes precess with respect to reference frame
The angular gain factor = very stable parameter

K e Q)ualtrx L 41223 SENSORS 2013
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But Why Precession?

First discovered by G.H. Bryan (circa 1890)

Vibrating Wire Tuning Fork Wineglass

Continuous sound Intermittent sound 2.4 beats per revolution

Nodes = no radial component (i.e. no Coriolis effect)
Antinodes =2 Maximum radial displacement (i.e. max Coriolis)
| Thus, antinodes have to rotate much faster than nodes

| Georgial /= iiie .
(o (ualtre 3= SENSORS 2013 |
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Detection of Rotation Angle

Breaking down the vibration into orthogonal components:

9o _ tan 26
q,

O is the pattern angle - Related to rotation angle through A

Two sets of differential electrodes

e Cosine electrodes: g,*cos(w,t)

* Sine electrodes g,*sin(w,t)

g, and g, obtained by demodulation
arctan of their ratio > 6

Gegratatie (yaltre L35 SENSORS 2013



MEMS Whole-Angle Mode Gyros

Example 1

Normalized Gain

04

0.2

Cylindrical rate-integrating
gyroscope (CING)

Y drive

ﬁcnse
E I

Scale,
Modulate O Fhened
e <— Quad Cont. <~ parameter
D - ‘I Extraction

6
Time (s)

8 10

33

GyroControl Output in Rate and Rate-Integrating Modes

160 Rotation Signal
ian? Sdlggal o
240 pplied Rotation
~"°  Rate Mode 9
e Qe
c
S 100
€ o P VAN
- Rate Integrating Mode
© . 10
40
0
% 28 30 2 34
Time (s)

Rate (°/s)

J.A. Gregory, Doctoral Thesis,
U. Michigan, 2012

Quad-mass tuning fork Example 2
gyroscope
1
09k = Measured ]
’ = = =Fitted exp(—t/t)
< 08F
2
Eo7t
g
=
2 06F Drive-mode
E t=130s
_; 0.5 Q=089M
8
= 04}
E Sense—mode
Z 03 t=120s
o Q=083M
0.1 y . .
50 100 150 200
Time, s
100 T T
= Angle gyro out
90 & === Angle reference ||
80}
704
 60F
b
< sof
g
g 40
o
&
30+
20
10f

L 1
0 1 2 =) 4 s
Time, s

(b)

A.A. Trusov, et. Al., IEEE
Sensors Journal, 2011
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Limitations of MEMS Whole-Angle Gyro?

To operate, pattern of vibration should not be perturbed
But, amplitude of vibration decays with time =2 limited Q

>

Vibration Amplitude
—
z
o
Q
(0]
N

Time [s]

Boron-doped

i Capacitive Airgap
Replenish energy Electrodes

Long decay times needed ' Polysilicon
Shell
High Q, low frequency N

e MEMS hemispherical resonator gyros | Cleaved Substrate

_Ge°'9'a i (K)ualtr
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Summary

Improvements in resolution still required for personal navigation
Shift in design methodology is imminent to achieve performance
Vibration and shock immunity are more important than thought

High-frequency BAW gyros:
e Rugged structures with clear advantages over TFG designs

e Easy to integrate into monolithic multi-DOF units

Whole-angle MEMS gyros = plenty of room for improvement

Gegratatie (yaltre L35 SENSORS 2013
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